The contact, repellent and fumigation effects of essential oils from Tagetes minuta L., Mentha longifolia L., Rosmarinus officinalis L., Helichrysum odoratissimum L. and Pelargonium graveolens L. were investigated against maize weevil, S. zeamais (Motschulsky) (Colepotera: Curculionidae). The effects of the oils were dose-dependent with gradual increases in insect mortality as the oil concentrations increased. For the contact bioassay, the oils of T. minuta and M. longifolia acted rapidly, causing 100% mortality within two days after treatment at 0.375 and 0.50 µL/g grain concentrations, respectively. The repellent effect of these two oils against S. zeamais was also well pronounced. A Percentage Repellency (PR) value of more than 90% was obtained for the two oils, which puts them in the highest repellency class V. The level of repellency caused by the essential oils of R. officinalis, H. odoratissimum and P. graveolens were 51.1%, 49.4% and 51.7%, respectively. However, most of the oils demonstrated very low fumigation activity against the weevil. For the fumigation bioassay, all the oil concentrations tested did not achieve insect mortality more than 12.5%, even six days after treatment, except for the oil of M. longifolia that exhibited over 70% mortality at 32 µL/L of air. The present study revealed that the essential oils of R. officinalis, H. odoratissimum and P. graveolens had weak contact and fumigation effects against S. zeamais.
Insect pest damage to stored grains results in major economic losses in Africa, where subsistence grain production supports livelihoods of the majority of the population [1] . Post harvest losses due to Sitophilus zeamais (Motschulsky) (Coleoptera: Curculionidae) have been recognized as an increasingly important constraint to grain storage in Africa [2] .
Currently, the control of insect pests is largely dependent on the use of synthetic chemicals in most parts of the world. However, the continuous use of synthetic insecticides is leading to problems such as pest resurgence, resistance and environmental hazards [3a,3b] . Furthermore, the range of chemicals registered for use on grains and in storage structures is small. Already, there are threats to the two widely used fumigants: methyl bromide and phosphine. In fact, there is progressive restriction on the use of phosphine because of its ozone depletion potential [3c,3d] . Therefore, there is the need for the development of safe and environmental friendly alternative chemicals for the control of insect pests of stored grains. Traditionally, essential oils obtained by steam distillation of plant foliage have been used to protect stored grains and legumes and to repel flying insects in the homes [4a] . Today, there is an increasing interest in the use of natural products from plants to control pests.
Mentha longifolia L. (wild mint) is an aromatic herb of the family Lamiaceae. It is a fast growing plant that is widespread in the Eastern Cape, South Africa, and a popular medicinal plant that is mainly used for the treatment of respiratory and other diseases [4b] . The strongly aromatic leaves of this plant are rubbed on beddings and the body to keep off insects [4c] . Similarly, Rosmarinus officinalis L. (rosemary) is an evergreen, perennial shrub of the family Lamiaceae. The oil extracted from the plant is used in food products, perfumes and cosmetics. Species of Helichrysum are aromatic perennial herbs or shrublets with densely hairy leaves. Pain relieving, anti-infective and anti-inflammatory activities have been reported for several Helichrysum species.
H. odoratissimum is one of the commonly used medicinal plants in South Africa [5a] .
Tagetes minuta L., popularly known as Mexican marigold, is a member of the family Asteraceae species of which are well known for their insecticidal activities [5b,5c] . Commercially, the oils are used in perfumery and as food flavors [5d] . The present study was undertaken to investigate the insecticidal potential of essential oils of T. minuta, M. longifolia, R. officinalis, H. odoratissimum and P. graveolens against the common maize weevil, Sitophilus zeamais.
The analysis of the essential oil of T. minuta showed the presence of 11 compounds among which were limonene (12.3%), cis-β-ocimene (12.8%), butanoic acid (20.7%), α-terpinolene (3.4%) and allo-ocimene (0.6%) ( Table 1 ). Pulegone (29.9%), 1,8-cineole (25.5%) and menthone (17.8%) were the main compounds found in M. longifolia oil. The predominant chemical constituents present in the oil of P. graveolens were citronellol (17.9%), geraniol (15.0%) and citronellyl formate (13.9%), while R. officinalis oil contained α-pinene (7.9%), camphene (5.5%), 1, 8-cineole (10.3%) and camphor (13.7%) as the main constituents.
The essential oil of M. longifolia showed the most fumigant toxicity against S. zeamais, achieving 71.7% mortality three days after treatment ( Figure  1a ). This was followed by 43.7% mortality recorded for the oil of P. graveolens (Figure 1b ). The oils of T. minuta and R. officinalis demonstrated very low fumigation activities against adult S. zeamais. All the oil concentrations tested did not achieve insect mortality more than 12.5% six days after treatment (Figure 1c and 1d ). However, no activity was observed for H. odoratissimum. The essential oil concentrations used in this study resulted in minimal insect mortality, with no significant differences among the various concentrations.
The mortality effects of the essential oils of T. minuta and M. longifolia on S. zeamais using the contact method were dose-dependent (Figures 2a and 2b) . A gradual increase in insect mortality was observed as the oil concentrations increased. The oils acted rapidly, causing 100% mortality within two days of treatment at 0.25 and 0.50 µL/g grain, respectively. Although, the effect of T. minuta oil on S. zeamais was slower at 0.125µL/g grain, more than 55% mortality was recorded six days after the treatment.
The oils of P. graveolens and R. officinalis demonstrated very weak contact effects against the insect (Figures 2c and 2d ) and H. odoratissimum showed no activity.
The repellent effect of the essential oils of T. minuta and M. longifolia against S. zeamais was well pronounced in this study. All the concentrations tested evoked a high level of repellency against the insect. A PR value higher than 90% was obtained for the oils of T. minuta and M. longifolia, which put them in the highest repellency class V. However, the essential oils of R. officinalis, H. odoratissimum and P. graveolens exhibited the same level of repellency against the weevil ( Table 2 ).
The present study has shown that the oils of T. minuta and M. longifolia are effective as both contact and repellent agents against S. zeamais. The higher insect mortality recorded in the contact and repellent bioassays of the oils of these plants was likely due to the higher concentration of the oil in the inter-granular air of the treated grains, which made it possible for the oil to penetrate the cuticular membrane of the insect, subsequently causing abrasion and dehydration of the insect [6a] . The presence of terpenoids, such as limonene, menthone and pulegone, could have contributed to the insecticidal activity of the oil. According to Weaver et al. [6b] , the insecticidal activity of Tagetes erecta was attributed to the presence of terpenoids in the plant.
The contact and repellent activities of the essential oil of T. minuta and M. longifolia against S. zeamais may, therefore, be attributed to the interaction of the various chemical compounds present in the oil. As shown in the oil analysis, 1,8-cineole, menthone, limonene and some other chemical constituents found in these oils have been reported to possess some insecticidal activities [6c,6d]. Such synergistic biological effects have been reported by several authors [6e-6g]. Other factors that may affect the insecticidal activity of essential oils include the susceptibility of the test insect [7a] and the degree of absorption in the treated commodity [6a] . According to Shaaya & Kostyukovysky [6a] , the less the oil absorption the higher the concentration of the oil in the inter-granular air, and the route of entry of the oil, (inhalation, ingestion or skin absorption). The low fumigation activities demonstrated by the oils of T. minuta, R. officinalis, H. odoratissimum and P. graveolens, against S. zeamais in this study could from the Eastern Cape Province, South Africa. These were authenticated by Prof DS Grierson at the Deparment of Botany, University of Fort Hare. Voucher specimens were deposited in the herbarium of the University. Fresh leaves from each plant were subjected to hydrodistillation for 3 h, using a Clevenger-type apparatus [8a] . A single extract of each oil was used for the experiments. 
Fumigation bioassay:
The fumigation chambers were made up of 500 mL glass jars with screw lids. For the bioassay, the 5 essential oils were separately diluted in 1 mL acetone, to final concentrations of 0, 8, 16, 24 and 32 uL/L of air. One mL of each concentration was then separately applied to 7 mm Whatman No. 1 filter paper, dried in the air for 10 min and placed at the bottom of a glass jar. Twenty (one week old) adult insects were placed in muslin cloth (21 x 29 mm) containing 40 g whole maize grains. The cloth was tied with rubber bands and hung at the centre of the jars, which were then sealed with air-tight lids. Each concentration was replicated 4 times. Fumigation was carried out for 24 h after which the insects were transferred from the chamber into clean maize, and mortality was checked daily for a further 6 days. Percentage mortality was calculated using the following formula: P 
Contact bioassay:
The contact effect of the 5 essential oils on adult S. zeamais was investigated, as described by Tapondjou [8d] . Maize grains were treated with concentrations of 0, 5, 10, 15 and 20 µL of essential oil in 1 mL acetone. Each concentration was mixed with 40 g samples of grains in a 500 mL glass jar, corresponding to 0, 0.125, 0.250, 0.375 and 0.5 µL/ g of grain, respectively. Each treatment was thoroughly stirred to allow for homogeneity of the oil on the treated grains. Treated samples were air dried for 60 min in order to remove the solvent [8d]. The grains were thereafter infested with 20 one week old adults of S. zeamais per jar and each jar was covered with a cotton mesh held in place by cover rims. There were 4 replicates per concentration. Dead insects in each jar were counted daily. Percentage mortality was calculated as in 2.4 above.
Repellency bioassay:
The repellent effect of the 5 essential oils against S. zeamais was investigated using the modified area preference method of Tapondjou [8d] . The test area consisted of 9 cm (diameter) Whatman No. 1 filter paper cut into 2 halves. Different concentrations of the essential oils were prepared by diluting 1, 2, 4, 6, 8 and 10 µL of the oil in 1 mL acetone. Using a pipette, 0.5 mL of each sample was applied uniformly to a half filter paper, corresponding to concentrations of 0.03, 0.06, 0.13, 0.19, 0.25, and 0.31 µL of oil / cm 2 of the filter paper, respectively. The other half was treated with 0.5 mL acetone alone and served as the control. Both essential oil treated and acetone treated halves were air-dried for 10 min to evaporate the solvent [8d].
With the aid of a clear adhesive tape, both halves were later joined together into a full disc and placed in a 9 cm glass Petri dish. Twenty unsexed adult insects (one week old) were released at the centre of the remade filter paper disc and the Petri dish was covered. Each treatment was replicated 4 times. The number of insects present on the control (Nc) and
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The mean value was calculated and assigned to repellency classes from 0 to V: class 0 (PR < 0.1%), class 1(PR= 0.1-20%), class II (PR=20.1-40%), class III (PR=40.1-60%), class IV (PR=60.1-80%), class V (80.1-100%).
